This study investigates dialectal differences in the acoustic properties of Korean lenis, aspirated, and tense stops Seoul Korean (standard Korean) and Yanbian Korean (spoken in the largest Korean Autonomous Prefecture in China). This production study the main acoustic cues that each dialect uses to mark the laryngeal distinction between the three types of Korean stops. Measurements included VOT, and the initial F0 of the following vowel. Data collected from 10 young Seoul Korean speakers, 10 young Yanbian Korean speakers, and 6 older Yanbian speakers. two key findings: First, aspirated and lenis stops are mainly differentiated by F0 in Seoul Korean, and by H1*-H2* in Yanbian Korean. Second, there is no VOT merger between lenis and aspirated stops in Yanbian Korean, whereas there is in Seoul Korean. These results are discussed in terms of the phenomenon of VOT shift and the function of F0t is argued that the function of F0 to substitute for VOT difference as a primary cue for the coding of laryngeal contrast can be predicted by the pitch accent system of the language involved.
Introduction
claims that while voiceless stops can be phonologically specified by the [-voice] feature across languages, their phonetic realization is language-specific, and thus that there is likely to exist a phonetic grammar distinct from the phonology.
Furthermore, many researchers maintain that although some contrast categories, such as /p, b, p h /, are phonologically stable, their phonetic correlates vary both crosslinguistically and, within a single language, contextually (Keyser and Stevens, 2006; Kingston and Diehl, 1994; Ito and Kenstowicz, 2009a) .
In most languages, the laryngeal properties of stops are differentiated mainly based on voicing and aspiration (Lisker and Abramson, 1964; Klatt, 1975; Keating, 1984; Ladefoged and Maddieson, 1996) . Korean stops, however, are atypical not only 1) Chonman National University, mroh@chonnam.ac.kr 2) Chonman National University, yanghui819@gmail.com Received: November 7, 2013 Revised: December 5, 2013 Accepted: December 10, 2013 in that they exhibit a three-way laryngeal distinction-tense, lenis, and aspirated-but also in that each of these three stops is voiceless in the accentual-phrase-initial position (Jun, 1992; Cho et al., 2002) . Furthermore, both phonologically lenis and phonologically aspirated stops are realized as aspirated in Korean (Silva, 2006) .
The majority of research in this area has explored the acoustic characteristics of these stops in Seoul Korean. Yet given that voiceless stops can differ phonetically across languages despite being phonologically specified with the same feature (Keating, 1984; Cho and McQueen, 2005) , we need to investigate how Korean stops vary in terms of their precise phonetic implementation across multiple dialects. A few studies have investigated dialectal variation in Korean stops (Holliday and Kong, 2011; Cho, 2004) . For example, Holliday and Kong (2011) report that Daegu Korean speakers' lenis stops have shorter voice onset times (VOTs) than those of Seoul and Jeju Korean speakers. However, most studies on dialectal variation in Korean stops have been limited to dialects on the Korean peninsula.
This study closely examines how the realization of phonologically identical categories differs acoustically across dialects by comparing the acoustic properties of the three Korean stops between Seoul Korean (standard Korean) and Yanbian Korean (the dialect spoken in the largest Korean Autonomous Prefecture of China). 3) Specifically, through this study, we aim to investigate the main acoustic cues used in each dialect to distinguish between the three stops. Many previous studies report that Seoul Korean speakers minimize VOT difference between lenis and aspirated stops, instead relying on fundamental frequency (F0) to differentiate them (Silva, 2006; Wright, 2007) .
Then, a question arises concerning whether young Yanbian Korean speakers also exhibit similar sound changes to those young Seoul Korean speakers are undergoing with respect to the acoustic realization of stops.
The effect of lexical pitch accent contrast on phonation contrast in stops (Kingston, 2011; Kenstowicz and Park, 2006; Lee and Jongman, 2012) has also attracted our attention. The pitch accent system of a language can affect the possibility that F0 differences can trigger phonation contrasts between stops. For example, Kenstowicz and Park's (2006) study shows that (non-tonal) Seoul Korean employs F0 as the primary cue for the differentiation of lenis from aspirated stops when VOT merger has occurred between them. However, they found that in (tonal) Kyungsang Korean, VOT merger between lenis and aspirated stops does not occur and F0 plays a limited role in laryngeal contrast. Yanbian Korean is tonal (Ito and Kenstowicz, 2009b) .
Then this study can deepen our understanding of the effect of pitch accent system on the acoustic correlates of stops.
To investigate Korean stops in Seoul and Yanbian Korean with respect to VOT shift and the function of F0, we analyze the production of Korean stops by 10 young Seoul Korean speakers and 10 young Yanbian Korean speakers. Silva (2006) suggests diachronic shift as an explanation for the VOT merger in Seoul Korean. Thus, Korean stops produced by six older Yanbian Korean speakers will also be examined, to investigate whether different patterns of VOT merger by generation, which are seen in Seoul Korean, are also exhibited in Yanbian Korean.
The remainder of this paper is structured as follows. Section 2 provides a general overview of the phonetic characteristics of Korean stops. In section 3, the design and results of the production experiment are presented. Section 4 discusses our
3) The Korean that is spoken in Yanbian used to conform to the standard of Pyeongyang Korean, the main dialect of North Korea; however, since the 1988 Seoul Olympics, the official standard for Korean in China has been South Korean (Park, 2003) .
findings in light of the phenomena of contrastive VOT shift and functional shift of F0, and then concludes the paper.
Phonetic properties of stops in Seoul and

Yanbian Korean
Seoul Korean has a three-way phonemic contrast among voiceless stops: lenis, aspirated, and tense. These stops differ from each other in various ways along their acoustic and articulatory dimensions. For example, VOT in the phrase-initial position in Korean is longest in aspirated stops, shorter in lenis stops, and shortest in tense stops (Lisker and Abramson, 1964; Kim, 1965; Han and Weitzman, 1970; Abramson and Lisker, 1972; Hardcastle, 1973; Dart, 1987; Shimizu, 1996; Cho et al., 2002) . In addition, findings from fiberscopic and cineradiographic studies indicate that glottal aperture during oral closure in Korean is at its narrowest in tense stops, intermediate in lenis, and widest in aspirated stops (Kim, 1970; Hirose et al., 1974; Kagaya, 1974; Jun et al., 1998 (Silva, 2006; Wright, 2007; Oh and Daland, 2011 ).
Mean F0 is lowest for vowels following lenis stops, higher for vowels following tense stops, and highest for vowels following aspirated stops (Han and Weitzman, 1970; Kagaya, 1974; Kim, 1994; Cho, 1996; Han, 1996; Shimizu, 1996; Kim, 2000) . These different F0 patterns result from the different ways in which these stops are produced. Specifically, as shown by results from aerodynamic studies, peak oral pressure during closure is smaller for lenis stops than for tense and aspirated stops (Cho et al., 2002) . It is interesting to note that in contrast to the findings on VOT, F0 patterns at the onset of the vowels following each of these three types of stops have not changed over time (Silva, 2006) . In contemporary Korean, aspirated and lenis stops are not differentiated from each other by VOT, and the distinction between them has come to be marked instead primarily by F0 difference in the following vowels (Silva, 2006; Wright, 2007) .
The phonological contrast between stops we are discussing can be realized differently depending on whether the dialect of interest is tonal or nontonal. Kenstowicz et al. (2006) Abberton's (1972) laryngographic study reports that the onset of the vowel following a tense stop has some characteristics of creaky voice, specifically its low opening and long closed phase.
In contrast, vowels after lenis stops have been found to have a breathy voice (Han, 1998) . H1-H2, or the difference between the first and second vocal harmonics, is a good indicator of the voice quality of stops. Cho et al. (2002) found that in Seoul Korean, the three types of stops differ significantly in terms of H1-H2.
Specifically, H1-H2 on the following vowel is greatest for lenis stops, intermediate for aspirated stops, and smallest for tense stops, which suggests that vowel onset has breathy voice after lenis stops, and creaky voice after tense stops. Lee and Jongman (2012) 
Measurements
Three acoustic cues were measured for each target word-initial CV unit: VOT, F0, and H1*-H2*. 5) VOT was measured from the beginning of the stop burst to the first full glottal pulse of the vowel onset. The VoiceSauce software package provided values for F0 and H1*-H2* at every 1/9 point during the vowel.
Nine points in the time course can be divided into three parts.
The 2/9 point of the vowel is the middle of the first part and is considered to be the appropriate point to show the quality of the vowel. Thus, the F0 and H1*-H2* values adopted for analysis were taken at the 2/9 point of the vowel. We discarded four tokens (one from each dialect and gender group) due to extreme values after segmentation. SPSS (v. 16.0) was used for statistical analysis.
5) H1*-H2* is a corrected measure that takes differences in formant positions into account. Korean, the mean VOTs of both lenis and aspirated stops are very long, whereas the mean VOT of tense stops is quite short.
Results
In contrast, in Yanbian Korean, the mean VOTs of both lenis and tense stops are much longer than those of aspirated stops. VOT target for both these long-lag stops. The finding was also supported by Kang and Guion (2006; 2008) . Both Silva (2006) and Kang and Guion (2006; 2008) This is illustrated in Figure 3 , which compares VOTs between the 10 young and six older Yanbian Korean speakers. Korean speakers (t=-6.9, p=.000). However, in contrast to Seoul Korean, the VOT of lenis stop is also decreasing in Yanbian Korean.
Fundamental frequency (F0)
F0 values at the 2/9 point of the vowels following stops in each of the three categories were examined by one-way ANOVA.
We analyzed the data from male and female speakers separately, Cho et al. (2002) . The mean F0 for words beginning with lenis stops was significantly lower than that for comparable words beginning with aspirated stops.
In Yanbian Korean, a significant difference was found between stop categories for male speakers only [F(2, 132)=9.13, p=.000].
Specifically, post-hoc comparison indicated that a significant difference was found between tense and lenis stops for male speakers (F(2,132)=9.13, p=.000) but not for female speakers 
Voice quality (H1*-H2*)
In this section we report H1*-H2* results provided by the VoiceSauce software package for H1*-H2*. By measuring H1*-H2* at the 2/9 point of the vowel following each of the three types of stop, we could determine the phonation types of the stops. In this part of the study, the data for females and males were combined. 6) Figure 5 demonstrates the H1*-H2* time course patterns for all the speakers of each dialect.
a. Seoul Korean (young)
b. Yanbian Korean (young) Figure 5 . H1*-H2* time course
As shown in Figure 5a , for Seoul Korean speakers, H1*-H2* starts higher at the onset of the vowel following a lenis stop than following an aspirated stop, whereas H1*-H2* for lenis stops begins to decrease at the 3/9 point. Furthermore, the H1*-H2* values for lenis and aspirated stops are very close to each other at the end of the time course. In Yanbian Korean, in contrast, as shown in Figure 5b , H1*-H2* starts higher at the onset of the vowel following an aspirated stop than following a lenis stops.
However, H1*-H2* for aspirated stops begins to drop at the 3/9 point, and H1*-H2* values for aspirated and tense stops are very close to each other at the end of the time course. In contrast, H1*-H2* values for lenis and tense stops remain quite separate throughout the vowel.
The one-way ANOVA results for H1*-H2* measures at the 2/9 point of the vowel support the observations mentioned above. 
Discussion and conclusion
This study investigated three acoustic cues in order to differentiate the typologically unusual three-way laryngeal contrast in Korean stops in terms of those cues. We compared three stop categories-tense, lenis, and aspirated-between Seoul Korean and Yanbian Korean with respect to VOT, F0, and H1*-H2*, and found that Seoul Korean speakers differ systematically from
Yanbian Korean speakers in terms of the fine-grained phonetic implementation of these different stops.
In Seoul Korean, the VOTs for lenis and aspirated stops are merged. We also found a difference in voice quality between stops, namely creakiness on the following vowel, indicated by low H1*-H2*, in tense stops and breathiness on that vowel, indicated by high H1*-H2*, for lenis and aspirated stops (Cho et al., 2002) . H1*-H2* also distinguishes between lenis and tense stops across both genders in Seoul Korean. Furthermore, we found significantly higher F0 for tense and aspirated stops than for lenis stops in Seoul Korean.
In Yanbian Korean, in contrast, VOTs for lenis stops were the same as for tense stops (Zheng and Li, 2005; Ito and Kenstowicz, 2009a) . Only male Yanbian speakers exhibited higher F0 for tense stops than for lenis stops. Yet H1*-H2* clearly distinguishes between lenis and tense stops across both genders in Yanbian Korean (Ito and Kenstowicz, 2009a) . Specifically, H1*-H2* for the vowel following a lenis stop is significantly higher than that following a tense stop.
These results can be summarized as constituting three key findings. First, different VOT merger patterns were found across these two dialects of Korean. VOT was formerly a sufficient cue for the three-way phonemic contrast in Seoul Korean stops (Lisker and Abramson, 1964) , but VOT values for lenis and aspirated stops have merged in contemporary Seoul Korean (Silva, 2006 (Kang and Han, 2012; Kim, 2009 At this point, we need to discuss the question of how much the pitch accent system of a language affects the possibility that F0 differences can trigger phonation contrasts between stops.
There are two contrastive views on tonogenesis due to preceding consonants. The first is that taken by Kingston (2011) , who argues that the perturbations induced by laryngeal articulations of initial consonants does not lead to the development of contrastive tone in non-tonal languages. Kingston suggests that speakers of tonal languages are sensitive to F0 differences between previously existing tones and as a result are more likely to attend to systematic F0 differences after consonants. If we accept this view, tonogenesis in the non-tonal dialect of Seoul Korean needs to be treated as an exception to the generalization.
The second view is found in Kenstowicz and Park (2006) and Lee and Jongman (2012) , who claim that systematic F0 differences after initial consonants are not generally constrained in non-tonal languages and thus that preceding consonants are likely to trigger tonogenesis in these contexts. Kenstowicz and Park (2006) suggest instead that since Seoul Korean is a nontonal dialect, F0 can be taken as the primary cue for the differentiation of lenis from aspirated stops when VOT merger has occurred between them. In contrast, in Kyungsang Korean, which is tonal, F0 performs a dual phonological function; that is, it expresses both lexical-tonal contrast among vowels and laryngeal contrast among stops. In contrast to the Seoul dialect, the Kyungsang dialect does not exhibit VOT merger between lenis and aspirated stops, and F0 plays a limited role in laryngeal contrast in 7) Kim's (2009) study did not take the different pitch accents of stimuli into consideration.
Kyungsang dialect (Kenstowicz and Park, 2006) . Kenstowicz and Park (2006) VOT overlaps between lenis and aspirated stops and F0 functions to distinguish them (Jin, 2008) . In contrast, Yanbian Korean is tonal (Ito and Kenstowicz, 2009b) . The acoustical results from our study of Yanbian Korean demonstrate that there is no VOT merger between lenis and aspirated stops but also that VOT does not differentiate lenis and tense stops. However, F0 does not function to differentiate lenis and tense stops, a role instead assigned to H1*-H2*. Thus, the results of this study support the second view-that F0 function, as a primary cue for stop identification, is correlated with whether the variety being investigated is tonal or non-tonal.
In this study, we investigated the production of Korean stops between different dialects of the language. Future work needs to test the perceptual relevance of the correlates we identified in each dialect and the degree to which they interact with each other in perception.
